Specimen temperature and sintering behavior of Ni powder by spark plasma sintering (SPS) were investigated. Microstructure observation of the sintered compact revealed that the fast densification of the powder materials was due to the promotion of neck growth and plastic deformation of powder particles in the initial stage of SPS. With die temperature at 1073 K, the temperature of the specimen center was 1203 K. The temperature difference between specimen and graphite die exponentially increased with the increase of the temperature of the graphite die. When the graphite die was kept warm by a thermal insulation jacket, the temperature difference between specimen and graphite die was smaller than when using a non-insulated die, and the temperature difference lineally increased with the increase of the temperature of the graphite die. KEYWORDS spark plasma sintering (SPS), nickel powder, graphite die, specimen temperature, temperature difference
Introduction
In recent years, several papers on the process of spark plasma sintering (SPS) and development of new materials using SPS have appeared in the literature'-). SPS has been demonstrated to be effective in the fast densification of various powder materials in a short cycle time (under 1.2 ks). SPS is a unique sintering process using electric energy in a pulse shape as the heat source for sintering. Raw powder is poured into the die assembly made of electrically conductive materials without any additive or binder and compressed by punches, and pulsed DC current is supplied in the die assembly holding the powder compact. Therefore, the application of pulsed DC current induces various phenomena caused by electrical and thermal effects, providing advantages which can not be obtained using conventional sintering processes. The temperature of the specimen inside of the graphite die was investigated to determine the temperature difference between the specimen and the graphite die. The temperatures of both the specimen and the graphite die were measured directly by the thermocouple. In this case, both Ni powder (6.3 g) and a spark plasma sintered Ni bulk (15 mm diameter x 4mm thickness) were used as the specimens for temperature measurement respectively.
Densities of the sintered compacts were determined by measuring the weight and size of the specimens. The microstructure of the fractured surface of the sintered specimen was observed using a SEM.
3 Results and discussion Neck formation among the particles also was not observed.
However, a few cases of the bridging of material formed between particles was observed at 3 points of the fractured surface ( Fig. 3 -(a) and (b)). As shown in Fig. 3 -(b), the morphology of the particle surface and bridging material was similar to the liquid state. Considering simply, the sintering temperature of 673 K (temperature measured at the specimen was 788K), it is difficult to explain the formation process of this morphology. On the other hand, it might be that it resulted from the momentary generation of a localized high temperature state at the contacting point between particles, due to the electric discharge induced by application of a pulsed DC current (The rate of ON to OFF is 12 to 2 and one pulse time is 3.33ms). However, there is a need for more detailed experiments. Fig. 3 -(c) shows the microstructure of the fractured surface of a specimen hearted at 773 K for 0 s. As can be seen, densification rapidly progressed due to the fast neck growth and the plastic deformation of particles. The density of the sintered compact was 81% of the theoretical density. Density of a specimen sintered at 1073 K (heating-up time 360 s, isothermal holding time 0 s) with 40 MPa was more than 98% of the theoretical density of metallic nickel. Thus, it was possible to obtain a sintered compact near theoretical density within a very short cycle time. Fig. 5 shows the relation between the density of a sintered compact and sintering temperature at fixed heating rates.
As shown in the graph, powder materials were densified very rapidly within a narrow temperature range, though sintering behaviors differed somewhat according to the heating rate. For all of the heating rates, the densities of sintered compacts were over 98% of theoretical density when the specimens were heated to 1073 K for 0 s. Fig. 6 shows the changes of the densification rate of the powder materials during sintering. Densification rate was obtained from the slop of the linear shrinkage curve of the specimen Hwan-tae Kim, Masakazu Kawahara, Masao Tokita sintered at 1073 K for 0 s. As can be seen in the figure, the densification rates differed according to each heating rate, but the maximum densification rate was observed near 723 K. From the result of microstructure observation (Fig. 3) , the maximum in the densification rate curve may be related to the behavior of neck formation and plastic deformation of particles.
In the SPS process, sintering temperature is the temperature measured at the die wall apart some distance from the specimen, thus it is impossible to know the exact temperature of a specimen during sintering. Therefore, the temperature of the specimen was directly measured by a thermocouple inserted into the center of the specimen. In this case, temperature control was carried out by a thermocouple inserted into the graphite die wall. Ni powder (6.3 g) and the spark plasma sintered bulk of Ni (15 mm diameter x 4 mm thickness) were used as a specimen for temperature measurement. The temperature at the contact point between punch and the inside of the die positioned at half of the die height also was measured in order to determine the temperature of only the graphite die assembly. Fig. 7 shows the temperature difference between specimen and graphite die. The graphite die was heated up at a rate of 2.4 K/s. Extending over the entire temperature range of the experiment, the temperature measured at the contact point between punch and the inside of the die was the highest among the measured temperatures.
Next, the the temperature of specimen was higher than the temperature of graphite die. The temperature difference between the specimen and the graphite die gradually increased as the temperature of the graphite die rose. For the measured temperature in both powder and bulk specimens, the temperature measured in the powder specimen was much higher than that of the bulk specimen in a range of temperatures from 300 K to 773 K. For the initial stage of SPS, the electric resistance of the powder compact is higher than that of a bulk specimen. Thus, a concentration of current and resistance heat is taking place at the contact area among powder particles and the generation of Joule heat become more severe. Therefore, it is considered that the temperature of the powder specimen was higher than that of the bulk specimen. the bulk specimen and the graphite die at each temperature . For the measurement of temperature in the specimen , a thermally insulated die also was used. In this case, the surface of the graphite die was surrounded with a thermal insulation jacket of carbon felt to minimize thermal radiation loss of the graphite die. When the graphite die was not insulated , as the temperature of the graphite die rose, the temperature of the specimen increased and the temperature difference between specimen and graphite die exponentially increased. Thereafter, the temperature of the specimen was 1203 K when the temperature of the graphite die was 1073 K This result can be explained by the fact that thermal radiation at the die surface increases in proportion to the fourth power of the surface temperature of the die.
When the die surface, however, was kept warm with a thermal insulation jacket, the temperature difference between specimen and die was smaller than in the case of a non-insulated die. And temperature difference lineally increased with the increase of the temperature of the graphite die. 4 
Conclusions
In this study, the densification behavior of Ni powder by the spark plasma sintering (SPS) method using a graphite die was investigated. The temperature difference between the specimen and the graphite die also was examined to determine the real temperature of the specimen during the SPS process. The results obtained are summarized as follows:
(1) Ni powder densified rapidly to a high density by SPS within Os of isothermal holding time (360s of heating up time) at 1073 K and 40 MPa. Densification progressed rapidlyy due to the promotion of neck growth and the plastic deformation of powder particles in the initial stage of SPS.
(2) When Ni powder was sintered at 1073 K, as the temperature of the graphite die, the temperature of the specimen in the graphite die was 1203 K (0.64Tm) and the temperature difference between specimen and graphite die was 130K. (3) The temperature difference between specimen and graphite die was exponentially increased with the increase of sintering temperature when the graphite die was not thermally insulated.
(4) If the graphite die was kept warm with a thermal insulation jacket, the temperature difference between specimen and die was smaller than for a non-insulated die. Moreover, the temperature difference lineally increased with the increase of the temperature of the graphite die.
